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In this article, quantitative evaluation of optical thermographic techniques relative to the non-destructive
inspection of aluminum foam material is studied. For this purpose, a set of aluminum foam specimens
with ﬂat-bottom holes (FBH) was inspected by both optical lock-in thermography (LT) and pulsed ther-
mography (PT). Probability of detection (PoD) analysis, as a quantitative method to estimate the capabil-
ity and reliability of a particular inspection technique, was studied and compared for both optical LT and
PT inspection results.
 2013 The Authors. Published by Elsevier B.V.   Open access under CC BY license.1. Introduction
Aluminum foam material combines the advantages of high
strength and low weight. Structural efﬁciencies and relatively
low cost makes this material of widespread use in aerospace,
marine, and automotive structures [1]. Potential applications of
such materials include sound and energy absorption appliances,cores for structural sandwich panels, and electromagnetic wave
shields, among many others [2].
Non-destructive inspection (NDI) studies of aluminum foam
material are rarely found in literature except from X-ray inspection
[3,4]. The material has a low overall X-ray absorption because of
the large amount of voids inside, which allows large specimens
to be inspected by X-ray tomography. X-ray tomography has been
proven to be a very powerful tool allowing characterizing the
architecture or microstructure of cellular materials [4]. However,
each NDI technique has its own strengths and weaknesses.
Compared with X-ray tomography, the main advantages of optical
excitation thermography are fast inspection rate, security (no
harmful radiation involved) and single-side needed (stimulation
and inspection on the same side) [5]. In this article, two classical
optical thermographic techniques, including lock-in thermography
(LT), also known as modulated thermography (MT), and pulsed
thermography (PT) will be employed to inspect aluminum foam
material.
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capability and reliability of optical LT and PT on the aluminum
foam material. Probability of detection (PoD) curves, as an
accepted quantitative measure of the NDI reliability and capability,
are plotted to compare the obtained inspection results, by
employing either LT or PT approaches.Fig. 2. Photograph of the optical thermography system.
Table 1
Technical speciﬁcation of CEDIP titanium camera.
Technical speciﬁcation Explanation/value2. Specimens and inspection conﬁgurations
2.1. Specimen description
Experimental inspections were carried out on a set of aluminum
foam specimens having a total of 72 ﬂat-bottom holes (FBH) with
12 lateral diameters D = 6, 8, 10, 12, 15, 18, 20, 22, 25, 27, 30, and
32 mm. The defect depth d, i.e. the distance between the inspected
surfaces and the bottoms of the holes, goes from 1 to 6 mm.
In order to assess results, X-ray tomography was performed ﬁrst
for every specimen. Fig. 1a shows the schematic illustration of one
aluminum foam specimen, having 5 FBH with different lateral
diameters and same depth d = 2 mm. Fig. 1b and c shows the cor-
responding X-ray tomographic images (2D slides) of the specimen,
from which we can see the 5 FBH, as well as the amount of closed
cells with non-uniform sizes.Sensor type MCT
Waveband 3.7–4.5 lm
Pixel resolution 640  512
Pixel raster 15 lm
Thermal sensitivity <18 mK
Cooler Integrated stirling cooler
Max full frame rate 117 Hz
Digital output 14 Bit GigE
Integration time 10 ls–5 ms
Temperature calibration 0–160 C2.2. Inspection conﬁguration
In optical excitation thermography, the energy is delivered to
the surface of the specimen where the light is transformed into
heat; while an infrared camera is used to monitor changes of the
object’s surface temperature. Since the subsurface discontinuities
may alter the diffusion of the heat, this will affect the cooling
behavior of the nearby region on the surface.
In this study, the optical thermography inspection setup
included two OMNILUX PAR64 (1000 W) halogen lamps, which
generated sinusoidal or pulsed thermal waves. The lamps and the
infrared camera were located on the same side with respect to
the specimen surface, as shown in Fig. 2. A CEDIP titanium infrared
camera was used to detect the thermal wave. Table 1 shows the
important technical speciﬁcations of the CEDIP camera.Fig. 1. (a) Schematic illustration of one representative specimen with defect depth d =
image of the marked horizontal line.2.2.1. Lock-in thermography
In optical LT, the absorption of modulated optical radiation
results in a temperature modulation that propagates as a thermal
wave into the inspected component. As the thermal wave is
reﬂected at the defect boundary, its superposition to the original
thermal wave causes changes in amplitude and phase of the2 mm, (b) X–Y slide tomographic image (Z = 3 mm), and (c) X–Z slide tomographic
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using an infrared camera [6].
From the Fourier’s Law one-dimensional solution for a periodic
thermal wave propagating through a semi-inﬁnite homogeneous
material, the thermal wave diffusion length is given by [7]:
l ¼
ﬃﬃﬃﬃﬃﬃ
2a
x
r
¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
a
p  f
r
ð1Þ
where a ¼ j=qcp is the diffusivity of material, with j being the
thermal conductivity, q the density, cP the speciﬁc heat (at constant
pressure); and x = 2pf is the modulation frequency. The probing
depth z, for amplitude images, is given by the thermal diffusion
length equation z  l [8], see Eq. (1). For the phase, reported values
range from 1.5l [9] to more than 2l [8]. From Eq. (1), it is clear that
probing depth heavily depends on the heating frequency; the lower
modulation frequency, the deeper penetration.
Generally, inspections start at a relatively high excitation
frequency at which, depending on the thermal diffusivity of the
material, only shallow defects are visible. In order to detect deeper
defects, the excitation frequency is gradually decreased until the
appropriate value is reached. Preliminary tests indicated that
excitation frequencies ranging from 1 down to 0.05 Hz were ade-
quate to completely cover the depth range of interest, from very
shallow to 6 mm. The acquisition frame rate was set to 50 Hz.
Longer acquisition times are required for the low frequencies to
obtain sufﬁcient modulating periods with which to average.
Increasing the number of periods aided in reducing the noise level
and to improve image signal-to-noise ratio (SNR) and subse-
quently, defect contrast.
Phase images or phasegrams are usually preferred for analysis
since they are more tolerant to the non-uniform heating, emissiv-
ity variations, and environmental reﬂections compared to ampli-
tude images [10]. Furthermore, as discussed above, they provide
probing capabilities deeper than amplitude images.
One commonly used method to retrieve phase and amplitude is
4-point methodology for sinusoidal stimulation phase [11,12]. The
4-point methodology is fast but it is valid only for sinusoidal stim-
ulation and is affected by noise. The signal can be de-noised in part
by averaging several points instead of a single one and/or by
increasing the number of cycles. Another possibility is to ﬁt the
experimental data using least squares regression [13] and to use
this synthetic data to calculate the amplitude and the phase. These
two alternatives however contribute to slow down the calcula-
tions. Alternatively, the Fourier Transform (FT) can be used to ex-
tract amplitude and phase information from LT data. The FT can
be used with any waveform (even transient signals as in pulsed
thermography, see below) and has the advantage of de-noising
the signal. In this article, FT is employed to retrieve phasegram
from the raw images.
2.2.2. Pulsed thermography
In optical PT, the specimen surface is submitted to a short heat-
ing pulse using a high power optical source. The duration of the
pulse may vary from a few milliseconds (2–15 ms using ﬂashes)
to several seconds (using lamps) [14]. Absorption of the short time
pulse energy elevates the specimen surface temperature. As time
elapses and heating pulse vanishes, the surface temperature will
decrease uniformly for a piece without internal ﬂaws. On the con-
trary, subsurface discontinuities will change the diffusion of heat
ﬂow and produce abnormal temperature patterns at the surface
that can be detected with an IR camera [15]. In this study, two
OMNILUX PAR64 (1000 W) halogen lamps were employed to gen-
erate 0.5 s long pulse energy.
Data acquisition in PT is fast and allows the inspection of ex-
tended surfaces. However, raw PT data is difﬁcult to handle andanalyze because of non-uniform heating and reﬂections. Contrary
to LT, there are a great variety of processing techniques that have
been developed to improve the inspection results. In this article,
data processing methods that will be used in PT includes:
 Pulsed phase thermography (PPT) [16], which allows retrieving
phase and amplitude data from a PT experience. This method
can be thought as being a combination of PT and LT. In a similar
manner as for LT, phase data is commonly analyzed since it is
more tolerant to the non-uniform heating and environmental
reﬂections.
 Thermographic signal reconstruction (TSR) [17], which provides
a signiﬁcant degree of data compression since only polynomial
coefﬁcients are stored. It is also convenient for generating deriv-
ative images without additional noise contributions. Further-
more, performing 1st or 2nd time derivatives of the TSR
provides a signiﬁcant improvement in signal to noise perfor-
mance as well as providing a good sensitivity to smaller and
deeper defects [18].
 Principal component thermography (PCT) [19], which uses sin-
gular value decomposition (SVD) to extract the spatial informa-
tion described by empirical orthogonal functions (EOFs) and
temporal information represented by principal components
(PCs) from a thermogram sequence. This method usually results
in high levels of thermal contrast for the subsurface defect.
In order to obtain the optimum results, two important parame-
ters need to be carefully selected: the sampling rate fs, and the
acquisition time tacq [14]. In this work, the acquisition time tacq ran-
ged from 20 to 60 s, while the sampling rate fs varied from 25
to100 Hz, depending on the depths of the ﬂat-bottom holes.3. Result images analysis
All of 12 aluminum foam specimens were inspected by the
same lab inspector. For LT data, phasegrams were analyzed by an
experienced inspector. For PT data, FFT, time derivatives of TSR,
and PCT data processing techniques were carried out to improve
the defect detection capability by the same experienced inspector.
Results images from LT and PT inspection, relative to a specimen
with defects of different sizes but the same depth (2 mm), are
shown in Fig. 3.
The inspector visually examined the result images to give a
qualitative evaluation of the appearance of every defect. It should
be noted that the inspector knows the real location of every defect,
which may inﬂuence the inspector’s interpretation. The inspector
record the inspection result in terms of whether or not a ﬂaw
was found: 1 denotes a ﬂaw was found, 0 denotes a ﬂaw was not
found. Subsequently, a set of hit/miss data was obtained, which
will be used for the following statistical analysis to obtain the
probability of detection (PoD) curves. Table 2 shows a summary
of the LT and PT inspection results.4. Probability of Detection (PoD) analysis and comparison
PoD curves are the generally accepted method for characteriz-
ing and quantifying non-destructive inspection capability and reli-
ability [20]. A POD curve given as a function of a ﬂaw characteristic,
such as the size of ﬂaw, is usually estimated from data taken from
inspections. As we know, defect depth signiﬁcantly inﬂuences the
inspection result as well as the defect size detected in thermo-
graphic technique. Hence, the PoD curves as a function of aspect
ratio r (D/d) were studied. The PoD function can be formulated
either by the quantitative response data or the hit/miss data (also
called binary data). In this article, data is organized as hit/miss
PT: Raw image PT: 1st derivative of TSR 
PT: Phasegram after PPT PT: 2nd frame after PCT 
Lock-in: Phasegram  
(heating frequency f = 0.5 Hz) 
Fig. 3. Results images obtained from LT and PT, relative to a specimen with defects of different size but the same depth 2 mm.
Table 2
Summary of LT and PT inspection results.
Inspection
techniques
Results
images
Number of FBH
detected
Detection
rate (%)
LT Phasegrams 46 64
PT Raw images 40 55
PT PPT phasegrams 44 61
PT TSR 1st time derivative images 50 69
PT PCT EOFs 44 61
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(=0) for every defect aspect ratio.
The ﬁrst step for PoD analysis of hit/miss (binary) data is choos-
ing the model. There are four models corresponding to four link
functions (also called transform function) [21]. The log-odds and
log-normal models are commonly used in practice, especially for
symmetric data sets. The earliest form of log-odd model is given
by [20]:
PoDðaÞ ¼ expðaþ b ln aÞ
1þ expðaþ b ln aÞ ð2Þ
A mathematically equivalent form of log-odds PoD model is given
by [20]:
PoDðaÞ ¼ 1þ exp pﬃﬃﬃ
3
p ln a l
r
   1
ð3Þ
The parameters of Eqs. (1) and (3) are related by [20]:
l ¼ a
b
ð4Þ
r ¼ pﬃﬃﬃ
3
p
b
ð5Þ
The log-odds PoD function is practically equivalent to a cumu-
lative log-normal distribution U() with the same parameters l
and r of Eq. (3) [20,22,23].
For quantitative response data, the random error between the
observed responses and the model predictions has a continuous,
Gaussian (normal) distribution. However, for hit/miss data, the
random error between outcomes and model predictions is decid-
edly non-normal (it’s binomial) and so treating it as Gaussian
and implementing ordinary regression would produce inaccurate
and unreliable parameter estimates. In this study, iteratively
reweighted least-squares, a special maximum likelihood method
was implemented to obtain the estimate parameters: intercept aand slope b. From Eqs. (4) and (5), cumulative log-normal distribu-
tion U() with the parameters l and r will be determined.
For the models being used in NDT reliability studies, the maxi-
mum likelihood estimated parameters are asymptotically joint
normal distribution with means given by the true parameter val-
ues, hi, and the variance–covariance matrix deﬁned by [20]:
V ¼ IT ð6Þ
where I is the information matrix whose elements Iij are the ex-
pected (E) values [20]:
Iij ¼ E @
2
@hi@hj
log f ðXi; hÞ
" #
; i; j ¼ 1; . . . ; k ð7Þ
In application, the maximum likelihood estimate h^ is substituted for
h in Eq. (7). A procedure developed by Cheng and Iles can be used to
place lower conﬁdence bounds on the PoD(a) function [24,25]. Such
bounds are calculated from the variance–covariance matrix of the
estimates and reﬂect the sensitivity of the experiment to both the
number and sizes of ﬂaws in the experimental specimens. The as-
sumed PoD(a) model is a cumulative log-normal distribution func-
tion with parameters h = (l, r)0. For distribution functions deﬁned
by location and scale parameters (as is the case of the log-normal
distribution), the information matrix I can be written in the form:
Iðl;rÞ ¼ n
r2
k0 k1
k1 k2
 
ð8Þ
where n is the number of defects in the experiment. The lower one-
sided conﬁdence bound of the PoD(a) function is given by:
PODaðaÞ ¼ Uðz^ hÞ ð9Þ
where (z) is the standard cumulative normal distribution, a denotes
the conﬁdence level and:
z^ ¼ logðaÞ  l^
r^
ð10Þ
h ¼ c
nk0
1þ ðk0z^þ k1Þ
2
k0k2  k21
" #( )0:5
ð11Þ
where n is the number of defects in the experiment, c is obtained
from Table 3 for the number of defects in the experiment.
Commonly, the a90/95 magnitudes, i.e. the size of the ﬂaw for
which the 95% lower conﬁdence bound crosses the 90% PoD level,
will be determined. It is guaranteed that ﬂaws with the size of a90/
95 will be detected with 90% probability where only 5% might fall
outside this conﬁdence limit in case the experiment is repeated.
Table 3
Value of c for lower conﬁdence bounds on the PoD(a) function [20].
Sample size 20 25 30 40 50 60 80 100 1
Conﬁdence level (%)
90 3.903 3.884 3.871 3.855 3.846 3.839 3.831 3.827 3.808
95 5.243 5.222 5.208 5.191 5.180 5.173 5.165 5.159 5.138
99 8.401 8.376 8.359 8.338 8.325 8.317 8.306 8.300 8.273
Fig. 4. PoD curves of LT and PT with different data processing manipulations,
including raw data.
Table 4
r90 and r90/95 values obtained by LT and PT.
Inspection techniques Result images r90 r90/95
LT Phasegrams 5.5 7.1
PT Raw images 9.1 14.5
PT PPT phasegrams 6.2 8.3
PT TSR 1st time derivative images 4.9 6.3
PT PCT EOFs 6.7 9.4
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Metals Handbook [20], another methodology that uses likelihood
ratio statistic to deﬁne the conﬁdence region can also be found
in literature [26,27].
Fig. 4 compares the PoD curves of LT and PT. The effects of com-
monly used data processing methods in PT, including PPT, deriva-
tive of TSR, and PCT are compared as well.
Lower conﬁdence bounds at 95% were calculated for each data
set to reﬂect the degree of uncertainty. Table 4 shows the defect as-
pect ratio with 90% PoD (r90) and the defect aspect ratio for which
90% PoD is reached at 95% conﬁdence level (r90/95).
As can be seen form Table 4, the inspection capability of LT is
higher than PT without additional processing of raw data, i.e. the
r90 and r90/95 values are lower. However, the inspection results of
PT were dramatically improved after data processing. The inspec-
tion capability of PT is even higher than the LT after 1st time deriv-
ative of TSR processing.5. Conclusion
Optical excitation thermography is an attractive tool for the
non-destructive evaluation of aluminum foam material, especially
in the cases where X-ray tomography may not available, such as
inspections of very large areas, accessibility restricted to one side
of the sample.The main advantages of LT are that the directly acquired data is
rather easy to handle. However, long inspection time constitutes
the principal drawback of LT, since a single experiment should be
carried out for every inspected depth. An alternative is to use a
very low stimulation frequency, but this approach will only work
for FBH, which are thick defects ranging from the initial depth to
the total thickness of the sample. In the case of delaminations for
instance, several defects would be missing using a very low
modulating frequency. Data acquisition in PT is relatively fast.
However, raw PT data is commonly difﬁcult to analyze because
of the non-uniform heating or reﬂections. As a result, additional
processing of the data is required.
PoD analysis results of LT and PT indicate that post-processing
in PT, including PPT, TSR and PCT, improved the thermal contrast
for the subsurface defect, especially the smaller and deeper defects.
As a result, PT and LT provide comparable inspection results.Acknowledgements
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